Müller cells are the major glial cell type of the vertebrate retina. Their cell body lies in the inner nuclear layer (INL) of the neural retina while their processes span the entire thickness of the tissue. Under normal conditions, Müller cells actively participate in the maintenance of retinal functions and homeostasis. In addition to their structural role, they release neurotrophic factors, regulate oxidative stress, form the retinal blood barrier, and participate in retinal synaptic activity by recycling neurotransmitters.^[@i1552-5783-58-4-1941-b01],[@i1552-5783-58-4-1941-b02]^ Due to their important role, dysfunction or absence of Müller cells lead to retinal structure disorganization and loss of photoreceptor function.^[@i1552-5783-58-4-1941-b03],[@i1552-5783-58-4-1941-b04]^ In response to pathologic conditions, these glial cells enter a state referred to as reactive gliosis with both detrimental and beneficial effects.^[@i1552-5783-58-4-1941-b05],[@i1552-5783-58-4-1941-b06]^ Among the latter is neuroprotection via the increased release of neurotrophic and antioxidant factors.^[@i1552-5783-58-4-1941-b05],[@i1552-5783-58-4-1941-b07]^ In addition, and under certain conditions, reactive Müller cells can dedifferentiate into cells displaying characteristics of retinal stem cells, proliferate and generate neurons.^[@i1552-5783-58-4-1941-b08],[@i1552-5783-58-4-1941-b09]^ If such a process is very efficient in fish, it is however largely ineffective in mammals.^[@i1552-5783-58-4-1941-b10][@i1552-5783-58-4-1941-b11]--[@i1552-5783-58-4-1941-b12]^ Hence, increasing our knowledge of the molecular mechanisms underlying Müller cell function under normal and pathologic conditions is essential for developing new therapeutic strategies that take advantage of their neuroprotective and regenerative properties.

In various species, a large variety of pathways have been shown to influence Müller cell activation in response to retinal injury, including MAPK, Wnt, Notch, Hedgehog, glucocorticoid, Jak/Stat, TGFβ/Smad, or mTor.^[@i1552-5783-58-4-1941-b09],[@i1552-5783-58-4-1941-b13]^ The Hippo/Yes-associated protein (YAP) signaling pathway is another key pathway that has recently brought a lot of interest as an important regulator of tissue homeostasis through its action on both cell proliferation and survival.^[@i1552-5783-58-4-1941-b14],[@i1552-5783-58-4-1941-b15]^ So far, its participation in Müller cell reactivation has not been investigated.

The Hippo pathway regulates diverse biological processes including proliferation, differentiation, survival, and is conserved throughout evolution.^[@i1552-5783-58-4-1941-b16],[@i1552-5783-58-4-1941-b17]^ The core of the Hippo pathway consists of a kinase cascade that phosphorylates the transcription coactivators, YAP and its homolog TAZ, at a specific serine residue of the amino-terminal region, leading to their sequestration within the cytoplasm. The Hippo pathway is regulated in response to diverse stimuli such as mechanical stress, DNA damage, or oxidative stress.^[@i1552-5783-58-4-1941-b15],[@i1552-5783-58-4-1941-b18]^ When the pathway is off, YAP and TAZ translocate into the nucleus and interact with their DNA-binding partners of the TEAD (TEA domain transcription factor) family, driving gene regulatory networks involved in cell proliferation and differentiation.^[@i1552-5783-58-4-1941-b19]^ In the adult, the effector of the pathway, YAP, can stimulate regeneration of several injured mammalian organs such as the heart, liver, intestine^[@i1552-5783-58-4-1941-b20][@i1552-5783-58-4-1941-b21]--[@i1552-5783-58-4-1941-b22]^ or the tail and limb in *Xenopus*.^[@i1552-5783-58-4-1941-b23],[@i1552-5783-58-4-1941-b24]^ Its function in the adult retina and in particular in Müller cells has hitherto not been investigated. On the other hand, studies in various species have implicated YAP in retinal development. In zebrafish, YAP controls the balance between proliferation and differentiation of retinal progenitors^[@i1552-5783-58-4-1941-b25],[@i1552-5783-58-4-1941-b26]^ and is a key regulator of retinal pigment epithelium (RPE) genesis.^[@i1552-5783-58-4-1941-b27]^ In *Xenopus* tadpoles, YAP is required in retinal stem cells for postembryonic retinal growth.^[@i1552-5783-58-4-1941-b28]^ Yes-associated protein also positively regulates proliferation of mammalian retinal progenitors.^[@i1552-5783-58-4-1941-b29]^ Noteworthy, heterozygous YAP loss-of-function mutations in humans can result in autosomal dominant coloboma,^[@i1552-5783-58-4-1941-b30]^ and a mutation within the YAP-binding domain of TEAD1^[@i1552-5783-58-4-1941-b31]^ causes Sveinsson\'s chorioretinal atrophy (SCRA), an autosomal dominant eye disease characterized by chorioretinal degeneration.^[@i1552-5783-58-4-1941-b32]^ However, the mechanisms underlying YAP/TEAD function in these diseases are so far unknown.

Meta-analysis using already published ChIP-Seq data,^[@i1552-5783-58-4-1941-b33]^ and whole transcriptome sequencing data (RNA-Seq) from retinas of the well-characterized degenerative mouse model of retinitis pigmentosa, *rd10,* led to the identification of a set of INL-enriched genes. Pathway-level analysis revealed the Hippo pathway as one of the main deregulated pathways. We thus undertook a detailed analysis of the expression of YAP and its potential partner TEAD1 in normal adult retina and during photoreceptor degeneration. We found that both are specifically expressed in Müller cells. Their expression, as well as that of their well-characterized direct target genes, *Ctgf* and *Cyr61,* is increased alongside photoreceptor loss. Thus, this work uncovers for the first time a link between the Hippo/YAP pathway and Müller cell reactivation in pathologic conditions.

Materials and Methods {#s2}
=====================

Animals and Tissues {#s2a}
-------------------

All mice were handled in compliance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. C57BL6/J (Charles River, L\'Arbresle, France) and *rd10* mice (The Jackson Laboratory, Bar Harbor, ME, USA, kindly provided by Bo Chang) were kept at 21°C, under a 12-hour light/12-hour dark cycle, with food and water supplied ad libitum. For the chemical-induced retinal degeneration model, C57BL6/J adult mice were given a single intraperitoneal injection of 1-Methyl-1-nitrosourea (MNU) at a dose of 60 mg/kg body weight. The MNU solution (Ark Pharm, Libertyville, IL, USA) was freshly dissolved in sterile physiological saline immediately before use. Control animals received physiological saline.

After mouse euthanasia, the eyes were rapidly enucleated and processed for immunohistochemistry, western blot, RNA-Seq, and quantitative RT-PCR (RT-qPCR) as described in the following sections.

Whole Transcriptome Sequencing (RNA-Seq) and Data Analysis {#s2b}
----------------------------------------------------------

Whole transcriptome analysis was performed on three independent biological replicates from wild-type (WT) and *rd10* retina at postnatal stage 30 (P30). After harvesting, both retinas for each animal were collected and immediately frozen. RNA was extracted using Nucleospin RNA Plus kit, which includes DNase treatment (Macherey-Nagel, Düren, Germany). RNA quality and quantity were evaluated using a BioAnalyzer 2100 with RNA 6000 Nano Kit (Agilent Technologies, Santa Clara, CA, USA). Stranded RNA-Seq libraries were constructed from 100 ng of high quality total RNA (RIN \> 8) using the TruSeq Stranded mRNA Library Preparation Kit (Illumina, San Diego, CA, USA). Paired-end sequencing of 125 bases length was performed on a HiSeq 2500 system (Illumina). Pass-filtered reads were mapped using TopHat version 2.1.0 and aligned to UCSC mouse reference genome mm10.^[@i1552-5783-58-4-1941-b34]^ Count table of the gene features was obtained using HT-Seq.^[@i1552-5783-58-4-1941-b35]^ Normalization, differential expression analysis, and fragments per kilobase of exon per million fragments mapped (FPKM) values were computed using EdgeR.^[@i1552-5783-58-4-1941-b36]^ An FPKM filtering cutoff of two in at least one of the six samples was applied. A *P* value of less than or equal to 0.05 was considered significant, and a cutoff of a fold change (FC) of 1.2 was applied to identify differentially expressed isoforms. Pathways analysis was done using the Kyoto Encyclopedia of Genes and Genome (KEGG) and GO annotation obtained using DAVID Bioinformatics Resources 6.7.

RNA Extraction and Gene Expression Analysis by Real-Time PCR {#s2c}
------------------------------------------------------------

Quantitative RT-PCR experiment was performed on two independent biological replicates from WT and *rd10* retinas at each stage (P10, P20, P30, and P120). Each sample was a pool of retinas from at least three individuals. Total RNA was extracted from neural retina using RNeasy mini kit (Qiagen, Germantown, MD, USA) and treated with DNAse I according to the manufacturer\'s instructions. RNA quantity and quality were assessed using the NanoDrop 2000c UV-Vis spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and Experion automated electrophoresis system (Bio-Rad, Hercules, CA, USA). One microgram of total RNA was reverse transcribed in the presence of oligo-(dT)20 using Superscript II reagents (Thermo Fisher Scientific). For each RT-qPCR, 2 μL of a 10-fold dilution of the cDNA was used, and the reactions were performed in triplicates on a 7900HT Genetic Analyzer (Thermo Fisher Scientific) as previously described.^[@i1552-5783-58-4-1941-b37]^ Differential expression analysis was performed using the ΔΔCt method using the geometric average of *Gak, Mrpl46, Srp72,* and *Tbp* as the endogenous controls.^[@i1552-5783-58-4-1941-b38]^ For each gene, the relative expression of each samples was calculated using WT retina at each time point as the reference (1 arbitrary unit \[a.u.\]). Primers are listed in [Supplementary Table S1](#iovs-58-03-45_s05){ref-type="supplementary-material"}.

Western Blotting {#s2d}
----------------

Western blot was performed on retina pools of at least three individuals unless otherwise specified in the figure legends. Eyes were removed and retinas were quickly isolated and frozen at −80°. Retinas were lysed in radioimmunoprecipitation assay (RIPA) (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 1% Nonidet P-40, 0.5% sodium deoxycholate) and protease inhibitor cocktail (P-2714; Sigma-Aldrich Corp., St. Louis, MO, USA). Lysates concentration was determined using a Lowry protein assay kit (500011, DC Protein Assay; Bio-Rad). Equal amounts of proteins (20 μg of each sample) were loaded, separated by 7.5% SDS-PAGE and transferred onto nitrocellulose membranes. Western blots were then conducted using standard procedures. Primary and secondary antibodies are listed in [Supplementary Table S2](#iovs-58-03-45_s05){ref-type="supplementary-material"}. An enhanced chemiluminescence kit (Bio-Rad) was used to detect the proteins. Each sample was probed once with tubulin for normalization. α-tubulin was used as the loading control for each sample. Quantification was done using ImageJ software (<http://imagej.nih.gov/ij/>; provided in the public domain by the National Institutes of Health, Bethesda, MD, USA).

Acrylamide gels containing Phos-tag (40 μM final; SOBIODA, Montbonnot-Saint-Martin, France) were prepared according to the manufacturer\'s instructions. Immunoblotting was then performed according our standard protocol. As a control, and to allow discrimination between phosphorylated and nonphosphorylated forms of YAP, one *rd10* P10 lysate was treated with 10 U of calf intestinal alkaline phosphatase (Thermo Fisher Scientific) for 1 hour at 37°C and processed thereafter for western blot as previously described.

Immunohistochemistry {#s2e}
--------------------

Standard immunohistochemistry techniques on paraffin sections were applied with the following specificities: antigen unmasking treatment was done in boiling heat-mediated antigen retrieval buffer (10 mM sodium citrate, pH 6.0) twice for 20 minutes. Primary antibody was diluted in ready-to-use diluent (S0809, Dako, Glostrup, Denmark). The specificity of the anti-YAP and anti-TEAD1 antibodies has already been shown by other groups.^[@i1552-5783-58-4-1941-b39],[@i1552-5783-58-4-1941-b40]^ Primary and secondary antibodies are listed in [Supplementary Table S2](#iovs-58-03-45_s05){ref-type="supplementary-material"}. Sections were counterstained with 1:1000 4′,6-diamidino-2-phenylindole (DAPI) (1 mg/mL, 62248, Thermo Fisher Scientific).

Confocal Microscopy {#s2f}
-------------------

Confocal images were acquired using a Zeiss LSM710 confocal microscope and Zen software (Zeiss, Thornwood, NY, USA). Images were taken near the optic nerve. The same magnification, laser intensity, gain, and offset settings were used across animals for any given marker. All experiments were done in triplicate. Image processing was performed using ImageJ software (National Institutes of Health).

Statistical Analysis {#s2g}
--------------------

Results are reported as mean ± SEM. Nonparametric Mann-Whitney *U* test was used to analyze western blot data. *P* value *≤* 0.05 was considered significant.

Results {#s3}
=======

The Hippo Pathway Is One of the Main Pathways Altered in Response to Photoreceptor Degeneration {#s3a}
-----------------------------------------------------------------------------------------------

To gain insights into the molecular mechanisms triggered in Müller cells following photoreceptor cell death, we performed whole transcriptome sequencing of *rd10* mouse retinas (*Pde6b^rd10^*), and used C57Bl6/J WT mice as controls. In *rd10* mice, degeneration is due to a mutation in the β subunit of the rod phosphodiesterase gene (*Pde6b*).^[@i1552-5783-58-4-1941-b41],[@i1552-5783-58-4-1941-b42]^ In humans, mutations in the same gene cause retinitis pigmentosa.^[@i1552-5783-58-4-1941-b43]^ In *rd10* mice, rod cell death starts around P16, and the vast majority of photoreceptors are lost by P60.^[@i1552-5783-58-4-1941-b41]^ We decided to perform RNA-Seq experiments on P30 retina in order to investigate the molecular response of Müller cells. By choosing this time point, we speculated that Müller cell response to injury would still be active since rod photoreceptor cell death is still occurring in contrast to a previous study performed at much later time points when all rods are already lost.^[@i1552-5783-58-4-1941-b44]^ Gene level analysis of the sequencing data allowed the identification of 3427 differentially expressed genes (DEGs) out of 24,062 genes using criteria of FC 1.2 with a *P* value cutoff of 0.05 and a minimum expression of two FPKMs in at least one sample ([Fig. 1](#i1552-5783-58-4-1941-f01){ref-type="fig"}A). Such relaxed parameters allow the identification of several genes with small FC, which may be of importance if they are all part of the same pathway. With this objective in mind, the next step was the enrichment of the dataset with genes mostly expressed in the inner retina, where Müller cells are located. Therefore, we used neural retina leucine zipper (NRL) ChIP-Seq data to filter out photoreceptor-NRL target genes.^[@i1552-5783-58-4-1941-b33]^ Indeed, NRL is a rod-specific transcription factor required for rod photoreceptor development and homeostasis and is specifically expressed in photoreceptors.^[@i1552-5783-58-4-1941-b45]^ Putative photoreceptor-specific transcripts, as defined by at least one binding site for NRL, were discarded from our dataset, leading to 2643 DEGs named thereafter INL-enriched genes. Although among them, some are photoreceptor-expressed genes without NRL binding sites, such an approach circumvents the identification of a large number of genes expressed in rods and identified as downregulated due to photoreceptor cell death. In addition, based on PANTHER annotation, we kept only extrinsic factors and nuclear factors for further pathway analysis, which represent two of the main categories of signaling pathway regulators (extrinsic cues and effectors, respectively). This approach led to the identification of 293 DEGs that were then used for pathway analysis using KEGG ([Fig. 1](#i1552-5783-58-4-1941-f01){ref-type="fig"}A). Among the top pathways, several were already known as deregulated during retinal degeneration such as PI3K-Akt signaling, Jak-STAT, and cytokine-related pathways ([Supplementary Table S3](#iovs-58-03-45_s05){ref-type="supplementary-material"}). More interestingly, this analysis of the 293 DEGs belonging to extrinsic factors and nuclear factors categories revealed the Hippo pathway as a new signaling pathway deregulated in degenerative retina. Indeed, KEGG pathway analysis revealed a total of 11 Hippo signaling related genes as significantly differentially expressed in *rd10* versus WT mouse retina ([Fig. 1](#i1552-5783-58-4-1941-f01){ref-type="fig"}B) with nine of them upregulated and two downregulated. We then extended our analysis to our entire dataset of 2643 DEGs (regardless of the PANTHER annotation). Among genes identified in the KEGG database as related to the Hippo pathway, 25 were differentially expressed ([Fig. 2](#i1552-5783-58-4-1941-f02){ref-type="fig"}A). Chord plot representation illustrates the relationship between those and other signaling pathways such as Wnt or TGFβ ([Fig. 2](#i1552-5783-58-4-1941-f02){ref-type="fig"}B).

![Identification of nuclear and extrinsic factors differentially expressed between rd10 and WT P30 retina. (A) Workflow of the meta-analysis used to identify nuclear and extrinsic factors differentially expressed in the degenerative rd10 retina at P30. (B) Table of the 11 nuclear and extrinsic factors differentially expressed and related to the Hippo pathway. Gene expression values in WT and rd10 are expressed in FPKM. Log2 of the FC and P value are also indicated. Green bars, upregulated genes; blue bars, downregulated genes. The length of the bar is proportional to the log2 of the FPKM value.](i1552-5783-58-4-1941-f01){#i1552-5783-58-4-1941-f01}

![Identification of 25 DEGs between rd10 and WT P30 retina related to the Hippo pathway and at the crossroad of other signaling pathways. (A) Schematic of the Hippo pathway from KEGG. Red boxes indicate 25 genes found differentially expressed in our dataset. Green boxes indicate unchanged genes. (B) ChordPlot representation shows the relationship between these 25 Hippo signaling components that are differentially expressed in rd10 retina, and other KEGG signaling pathways.](i1552-5783-58-4-1941-f02){#i1552-5783-58-4-1941-f02}

The Transcriptional YAP/TEAD Complex Is Upregulated in Response to Photoreceptor Degeneration {#s3b}
---------------------------------------------------------------------------------------------

We then used RT-qPCR at P30 to validate some of our transcriptomic analysis findings. We also extended the study by analyzing gene expression at different stages (P10: before the degeneration; P20: after the onset of the degeneration; P30: stage corresponding to the transcriptomic analysis; P120: late onset of the degeneration when all rod photoreceptors are lost). We first focused on the terminal effector of the pathway, YAP. If *Yap* expression is not affected at P10 prior to degeneration, an increased expression in *rd10* compared to WT was observed from P20 onwards ([Fig. 3](#i1552-5783-58-4-1941-f03){ref-type="fig"}).

![RT-qPCR validation of selected Hippo pathway components identified by RNA-seq analysis during retinal degeneration. Differential expression analysis by RT-qPCR of Yap, Tead1, Tead2, Ctgf, and Cyr61 in rd10 retina at various stages as indicated, relative to WT levels. All values are expressed as the mean ± SEM from two biological replicates. The data were normalized against the geometric average ΔCt of four housekeeping genes: Gak, Mrpl46, Srp72, and Tbp.](i1552-5783-58-4-1941-f03){#i1552-5783-58-4-1941-f03}

As a cofactor, YAP mediates its transcriptional activity mainly by its association with TEAD transcription factors.^[@i1552-5783-58-4-1941-b46]^ We thus also focused our analysis on members of this gene family. Among the four members, only *Tead2* was identified as differentially expressed in the RNA-Seq analysis and validated by RT-qPCR analysis ([Fig. 3](#i1552-5783-58-4-1941-f03){ref-type="fig"}). Although RNA-Seq analysis did not show any significant difference in the expression of *Tead1,* RT-qPCR showed that it was also upregulated in *rd10* retina ([Fig. 3](#i1552-5783-58-4-1941-f03){ref-type="fig"}). The other two members of the *Tead* family (i.e., *Tead3* and *Tead4*) were considered not expressed in mouse retinas (FPKM\<1 by RNA-Seq and not detected by RT-qPCR).

*Ctgf* has been recognized as a direct YAP/TEAD target gene^[@i1552-5783-58-4-1941-b46]^ and identified as a DEG in our RNA-Seq analysis ([Fig. 1](#i1552-5783-58-4-1941-f01){ref-type="fig"}B). We confirmed by RT-qPCR that *Ctgf* is differentially expressed following photoreceptor death in *rd10* mouse versus WT ([Fig. 3](#i1552-5783-58-4-1941-f03){ref-type="fig"}). Although *Cyr61* is another bona fide YAP/TEAD target gene,^[@i1552-5783-58-4-1941-b47]^ it is not listed in the KEGG database on which our pathway analysis is based. Nevertheless, both our RNA-Seq and RT-qPCR analysis revealed a significant upregulation of *Cyr61* in *rd10* retina compared to WT ([Fig. 3](#i1552-5783-58-4-1941-f03){ref-type="fig"}).

To support these conclusions in another model of retinal degeneration, we investigated the expression of these genes in the *rd1* mouse model. The *rd1* mouse line is another well-characterized model of retinitis pigmentosa caused by a mutation in the *Pde6b* gene.^[@i1552-5783-58-4-1941-b48]^ In *rd1* animals, rod photoreceptors begin to degenerate at approximately P10. Microarray analysis retrieved from the KBaSS database (Knowledge Base for Sensory Systems: [kbass.institut-vision.org/](kbass.institut-vision.org/)KBaSS)^[@i1552-5783-58-4-1941-b49]^ revealed an increased expression of *Yap, Ctgf,* and *Cyr61,* after the onset of the degeneration process from P13 onwards ([Supplementary Fig. S1](#iovs-58-03-45_s06){ref-type="supplementary-material"}). We did not assess *Tead* family gene expression since the database did not give any signal level information for *Tead* probes.

Altogether, these data revealed an upregulation of key Hippo signaling factors during photoreceptor cell loss.

YAP Expression in Müller Cells {#s3c}
------------------------------

The finding that Hippo signaling effectors are upregulated at the transcriptional level in the INL of the degenerative retina prompted us to determine in which cells YAP is expressed in the adult retina, and if the upregulation could also be detected at the protein level. Western blot analysis was performed to evaluate the total amount of YAP protein in the retina at various postnatal time points from P0 to adult ([Fig. 4](#i1552-5783-58-4-1941-f04){ref-type="fig"}A). A 65-kDa band corresponding to the predicted molecular weight of YAP was detected. As previously reported, a large amount of YAP protein was found in P0 retina, when retinal progenitors are still proliferating.^[@i1552-5783-58-4-1941-b29]^ Thereafter, the signal intensity strongly decreases up to P10, when all cells are postmitotic, and then remains at a steady-state level up to adulthood. To identify retinal cell types expressing YAP, we performed immunostaining on retinal sections of P60 WT mice. Although YAP is mostly known for being expressed in proliferative cells during development, we found YAP-positive cells in the INL, where postmitotic retinal cells reside. The presence of aligned and scattered labeled cells in the INL was already reported by our team in the *Xenopus* retina.^[@i1552-5783-58-4-1941-b28]^ Their position in this layer strongly suggests that YAP could be specifically expressed in Müller glial cells. This hypothesis was supported by our double staining analysis with anti-YAP and antiglutamine synthetase (GS, a Müller cell specific marker; [Fig. 4](#i1552-5783-58-4-1941-f04){ref-type="fig"}B).^[@i1552-5783-58-4-1941-b50]^ Staining is detected in the nuclei as well as in the microvilli and the endfeet ([Fig. 4](#i1552-5783-58-4-1941-f04){ref-type="fig"}C). The Müller cell specific expression was also confirmed by a colabeling with a nuclear marker of Müller cells, SOX9 ([Fig. 4](#i1552-5783-58-4-1941-f04){ref-type="fig"}D).^[@i1552-5783-58-4-1941-b51]^ All YAP-positive cells were colabeled, demonstrating their Müller cell identity.

![YAP expression in Müller cells. (A) Representative western blots of retinal protein extracts from WT mice at different stages from P0 to P120 probed with anti-YAP antibody or anti-α-tubulin (α-tub) as a loading control. (B) Coimmunostaining with anti-YAP antibody (red) and anti-GS (cyan) antibody, on adult (P60) mouse retinal section. Nuclei are labeled with DAPI (blue). (C) Enlargement of framed areas (dashed lines) showing YAP expression in Müller cell microvilli (in the onl), nuclei (in the inl) and endfeet (in the gcl). (D) Colocalization of YAP immunostaining (red) with SOX9 (yellow). onl, outer nuclear layer; gcl, ganglion cell layer. Scale bars: 20 μm in B, D, and 10 μm in C.](i1552-5783-58-4-1941-f04){#i1552-5783-58-4-1941-f04}

Of note, YAP immunolabeling was also detected in several nonneural ocular tissues, including the RPE, the cornea, the lens, the ciliary body, and the iris ([Fig. 5](#i1552-5783-58-4-1941-f05){ref-type="fig"}). Expressed sequence tags (ESTs) retrieval from the BioGPS website supports this expression analysis.

![YAP expression in the adult mouse eye. (A) Schematic of a transverse section of an adult mouse eye, pointing to the different areas imaged in B. (B) Immunostaining with anti-YAP antibody (red) on adult (P60) eye sections. Different ocular regions are shown as indicated. Nuclei are DAPI counterstained (blue). Merge images plus phase contrast (DIC) are shown in the case of pigmented structures. YAP staining is detected in scattered cells within the INL and in the RPE but not in choroidal melanocytes (ch). YAP is also expressed in corneal epithelial (CEp) and corneal endothelial cells (CEd), in lens epithelial cells (LEp), in the ciliary body (CB), and the iris. onl, outer nuclear layer; gcl, ganglion cell layer. Scale bars: 50 μm except for RPE and iris where it is 20 μm.](i1552-5783-58-4-1941-f05){#i1552-5783-58-4-1941-f05}

YAP Expression in Müller Cells During Retinal Degeneration {#s3d}
----------------------------------------------------------

We next investigated whether the upregulation of *Yap* gene expression observed in our RNA-Seq and RT-qPCR analysis was also impacting YAP protein level and whether it was restricted in the retina to Müller glia cells. To address these questions, we performed immunostaining analysis and compared YAP expression in *rd10* and WT mouse retina at different stages of photoreceptor degeneration ([Fig. 6](#i1552-5783-58-4-1941-f06){ref-type="fig"}A). At P6, before the onset of photoreceptor cell death, YAP staining in Müller cells (SOX9-positive cells) was similar in *rd10* and WT retinas ([Fig. 6](#i1552-5783-58-4-1941-f06){ref-type="fig"}A). In contrast, we observed a stronger YAP staining intensity at P20 and P30 in the cytoplasm and the nucleus of Müller cells in *rd10* retina compared to WT. This increase of YAP protein level correlates with a gliotic state of Müller cells, as inferred by immunostaining for GFAP, the gold standard marker of reactive gliosis ([Supplementary Fig. S2](#iovs-58-03-45_s04){ref-type="supplementary-material"}).^[@i1552-5783-58-4-1941-b52]^ The increase in YAP protein levels in *rd10* versus WT retina after the onset of retinal degeneration was strengthened by western blot analysis ([Fig. 6](#i1552-5783-58-4-1941-f06){ref-type="fig"}B). A higher YAP protein level was maintained even after all photoreceptors died at P120.

![YAP expression during retinal degeneration. (A) Coimmunostaining with anti-YAP (red) and anti-SOX9 (yellow) antibodies on retinal sections of WT and rd10 mice at different stages from P6 to P30. Nuclei are DAPI counterstained (blue). (B) Representative western blots of retinal protein extracts from WT and rd10 mice at different stages from P10 to P120, probed with anti-YAP antibody or anti-α-tubulin (α-tub) as a loading control. Histogram representation of YAP quantification from western blot signals normalized to α-tubulin and relative to WT at each stage (dashed line). Mean values ± SEM from four independent western blot experiments are shown. Asterisk indicates P value ≤ 0.05 (Mann-Whitney U test). (C) Representative western blots of retinal protein extracts from WT and rd10 mice at P10 and P20 using Phos-tag gel and probed with anti-YAP antibody or anti-α-tubulin (α-tub; left panel). The shifted bands correspond to YAP phosphorylated isoforms since they are lost following Calf intestinal alkaline phosphatase (+CIP) treatment on rd10 P10 lysate (right panel). P, phosphorylated forms of YAP; NP, nonphosphorylated form of YAP; onl, outer nuclear layer; gcl, ganglion cell layer. Scale bars: 20 μm.](i1552-5783-58-4-1941-f06){#i1552-5783-58-4-1941-f06}

We wondered whether the protein level of YAP could be artificially increased because of the relative enrichment in inner retinal cells that occurs as photoreceptors die off in *rd10* mice. α-tubulin may indeed not be a good reference protein if expressed in the entire retina. However, by immunostaining, we found that α-tubulin is mostly expressed in the INL/inner plexiform layer (IPL) and faintly in the photoreceptor layer ([Supplementary Fig. S3](#iovs-58-03-45_s03){ref-type="supplementary-material"}), proving the pertinence of using this protein as a control, as previously shown for β-tubulin.^[@i1552-5783-58-4-1941-b53]^ To definitely assess the validity of our quantification approach, we also normalized YAP level with two INL-specific proteins, calbindin-D-28K (a marker of bipolar cells) and PKCα (a marker of horizontal cells). As with α-tubulin normalization, we found using these two markers as loading controls that YAP protein level in the retina is also significantly increased in *rd10* compare to WT retinas ([Supplementary Fig. S3](#iovs-58-03-45_s03){ref-type="supplementary-material"}).

Posttranslational modifications have been shown to play a critical role in the regulation of YAP activity. For instance, phosphorylation events by the Hippo pathway result in YAP cytoplasmic localization (cytoplasmic retention or poly-ubiquitination and degradation).^[@i1552-5783-58-4-1941-b19]^ To determine whether the upregulation of YAP in reactive Müller cells is associated with changes in its phosphorylation status, we performed Phos-tag-based western blots ([Fig. 6](#i1552-5783-58-4-1941-f06){ref-type="fig"}C). This method allows greater separation of phosphorylated and nonphosphorylated protein and facilitates analysis at the isoform level.^[@i1552-5783-58-4-1941-b54]^ The efficiency of the method was validated following a phosphatase treatment. As expected in such conditions, only one form of nonphosphorylated YAP was detected while multiple bands are present in the control, reflecting various levels of phosphorylation. We observed that phosphorylated as well as nonphosphorylated forms of YAP are all increased at P20 in *rd10* retina compared to WT retina. These data suggest that YAP phosphorylation overall profile is not markedly affected in reactive Müller cells.

In order to assess whether the increase in YAP expression also occurs in another degenerative context, we used the MNU-induced model, which is known to cause photoreceptor degeneration and reactive gliosis.^[@i1552-5783-58-4-1941-b55]^ In this model, we observed an increased level of YAP expression 72 hours after MNU injection, by both immunostaining and western blot analysis ([Supplementary Fig. S4](#iovs-58-03-45_s02){ref-type="supplementary-material"}).

Altogether, using both a genetic and a chemical model of retinal degeneration, our results indicate that YAP level increases in reactive Müller cells upon photoreceptor degeneration.

TEAD1 Expression in Müller Cells During Retinal Degeneration {#s3e}
------------------------------------------------------------

We next asked whether TEAD proteins were also expressed in adult Müller cells. By western blot, we observed that the level of TEAD1 protein in the retina decreases after P6, but that a band remains detectable at a roughly steady-state level from P10 to P120 ([Fig. 7](#i1552-5783-58-4-1941-f07){ref-type="fig"}A), as previously shown for YAP ([Fig. 4](#i1552-5783-58-4-1941-f04){ref-type="fig"}A). TEAD1 protein expression was restricted to Müller cells in adult retina, as demonstrated by coimmunostaining with GS antibody ([Fig. 7](#i1552-5783-58-4-1941-f07){ref-type="fig"}B). We also confirmed that YAP and TEAD1 are coexpressed in Müller cell nuclei ([Fig. 7](#i1552-5783-58-4-1941-f07){ref-type="fig"}C).

![TEAD1 expression in Müller cells. (A) Representative western blots of retinal protein extracts from WT mice at different stages from P0 to P120, probed with anti-TEAD1 antibody or anti-α-tubulin (α-tub) as a loading control. (B) Coimmunostaining with anti-TEAD1 (green) and anti-GS (cyan) on adult mouse (P60) retinal section. Nuclei are DAPI counterstained (blue). The framed area (dashed line) is enlarged showing TEAD1 expression in GS-labeled nuclei. (C) Coimmunostaining with anti-YAP (red) and anti-TEAD1 (green) antibodies on adult mouse retinal section. Nuclei are DAPI counterstained (blue). onl, outer nuclear layer; gcl, ganglion cell layer. Scale bars: 20 μm.](i1552-5783-58-4-1941-f07){#i1552-5783-58-4-1941-f07}

In order to assess whether TEAD1 protein level was affected in reactive Müller cells, we performed western blot and immunostaining analysis and compared TEAD1 expression levels between *rd10* and WT retina. Similar to what was observed for YAP, we found that TEAD1 level was equivalent in *rd10* and WT retina at P10 but was clearly upregulated in reactive Müller cells after the onset of photoreceptor degeneration ([Figs. 8](#i1552-5783-58-4-1941-f08){ref-type="fig"}A, [8](#i1552-5783-58-4-1941-f08){ref-type="fig"}B). Similarly, in MNU-induced retinal degeneration model, we found a twofold increase of TEAD1 protein level in degenerating retinas compared to controls ([Supplementary Fig. S5](#iovs-58-03-45_s01){ref-type="supplementary-material"}).

![TEAD1 expression during retinal degeneration. (A) Coimmunostaining with anti-YAP (red) and anti-TEAD1 (green) antibodies on retinal section of WT and rd10 mice at P20. Nuclei are DAPI counterstained (blue). (B) Representative western blots of retinal protein extracts from WT and rd10 mice at different stages from P10 to P120, probed with anti-TEAD1 antibody or anti-α-tubulin as a loading control. Histogram representation corresponds to the quantification of TEAD1 western blot signals normalized to α-tubulin (α-tub) and relative to WT at each stage (dashed line). Mean values ± SEM from two independent western blot experiments are shown. Asterisk indicates P value ≤ 0.05 (Mann-Whitney U test). onl, outer nuclear layer; gcl, ganglion cell layer. Scale bar: 20 μm.](i1552-5783-58-4-1941-f08){#i1552-5783-58-4-1941-f08}

Discussion {#s4}
==========

This study revealed profound changes in the expression of Hippo pathway components in degenerating retina. Specifically, we found that (1) YAP and TEAD1 are exclusively expressed in Müller cells in the adult neural retina; (2) the increase in their expression at the transcriptional and protein level strongly correlates with reactive gliosis occurring in Müller cells upon photoreceptor loss; (3) several other components of the Hippo pathway, including two of YAP/TEAD target genes *Ctgf* and *Cyr61*, are also upregulated in a mouse model of retinal degeneration; and (4) many of these genes are at the crossroad of other key signaling pathways.

We found that YAP is specifically expressed in Müller cells of the adult retina. Although they do not regenerate spontaneously in mammals, reactive Müller cells initiate a reprogramming event into progenitor-like cells through the upregulation of stem cell and cell cycle genes upon injury (upregulation of markers such as Nestin, Pax6, Cyclin D1, Cyclin D3, and Ki-67^[@i1552-5783-58-4-1941-b08],[@i1552-5783-58-4-1941-b09],[@i1552-5783-58-4-1941-b56],[@i1552-5783-58-4-1941-b57]^). Moreover, this limited mammalian retina regeneration can be stimulated by exogenous growth factors.^[@i1552-5783-58-4-1941-b11],[@i1552-5783-58-4-1941-b58][@i1552-5783-58-4-1941-b59][@i1552-5783-58-4-1941-b60][@i1552-5783-58-4-1941-b61]--[@i1552-5783-58-4-1941-b62]^ Given these properties of Müller cells and the already described function of YAP in stem cells and regeneration, it is tempting to speculate that YAP may contribute to provide some stem-like characteristics to these glial cells. Indeed, the Hippo pathway has been proposed to act in numerous types of stem cells in a variety of organisms.^[@i1552-5783-58-4-1941-b63][@i1552-5783-58-4-1941-b64]--[@i1552-5783-58-4-1941-b65]^ YAP in particular was found enriched in multiple mouse stem and progenitor cells, including embryonic stem cells (ESCs).^[@i1552-5783-58-4-1941-b66]^ YAP overexpression was reported to regulate mouse ESCs self-renewal, to increase the efficiency of mouse induced pluripotent stem cells (iPS) generation, and more recently to promote the generation of naive human pluripotent stem cells.^[@i1552-5783-58-4-1941-b67][@i1552-5783-58-4-1941-b68]--[@i1552-5783-58-4-1941-b69]^ YAP also regulates the proliferation of stem and progenitor cells in a variety of organs including the intestine, liver, skin, retina, and brain^[@i1552-5783-58-4-1941-b28],[@i1552-5783-58-4-1941-b70][@i1552-5783-58-4-1941-b71]--[@i1552-5783-58-4-1941-b72]^ and is involved in adult tissue repair and regeneration.^[@i1552-5783-58-4-1941-b20][@i1552-5783-58-4-1941-b21]--[@i1552-5783-58-4-1941-b22],[@i1552-5783-58-4-1941-b73][@i1552-5783-58-4-1941-b74]--[@i1552-5783-58-4-1941-b75]^ Whether YAP could induce regenerative activity in Müller cells remains, however, to be investigated in species with regenerative properties such as zebrafish.

We found that the Hippo pathway, typically associated with growth control, is deregulated in a degenerating retina despite the absence of active proliferation. This might actually not be so surprising as Hippo signaling also emerged as a cellular stress response, important for maintaining cell and tissue homeostasis.^[@i1552-5783-58-4-1941-b15]^ What triggers the upregulation of multiple components of the pathway, in particular YAP/TEAD complex, following photoreceptor cell death? Several studies in mammalian cells revealed that YAP expression and subcellular distribution are regulated by mechanical cues, such as the stiffness of the extracellular matrix.^[@i1552-5783-58-4-1941-b76][@i1552-5783-58-4-1941-b77][@i1552-5783-58-4-1941-b78]--[@i1552-5783-58-4-1941-b79]^ For instance, substratum stiffness was shown to modulate the expression of YAP in human trabecular meshwork cells, known to stiffen in patients with glaucoma.^[@i1552-5783-58-4-1941-b80]^ Rearrangement of the cytoskeleton following photoreceptor loss in the retina may thus trigger, at least in part, the changes in YAP expression that we observed in Müller cells in both *rd10* and MNU models.

Multiple lines of evidence also linked the Hippo pathway with oxidative stress.^[@i1552-5783-58-4-1941-b15],[@i1552-5783-58-4-1941-b81],[@i1552-5783-58-4-1941-b82]^ It is, however, difficult to draw a clear conclusion as studies on the effects of accumulated reactive oxygen species (ROS) on Hippo signaling are conflicting.^[@i1552-5783-58-4-1941-b81],[@i1552-5783-58-4-1941-b83]^ Whether ROS in the degenerative retina is part of the triggering signal leading to Hippo pathway gene expression modulation is an attractive hypothesis that remains to be investigated.

Another related question is whether YAP increase in reactive Müller cells could mediate a cellular defense against oxidative stress. Indeed, several studies revealed that YAP has the ability to promote the expression of genes encoding proteins with antioxidant properties, resulting in decreased cellular ROS.^[@i1552-5783-58-4-1941-b20],[@i1552-5783-58-4-1941-b84],[@i1552-5783-58-4-1941-b85]^ In *Drosophila,* Hippo signaling has also recently been implicated in the transduction of cellular survival signals in response to chemical stress.^[@i1552-5783-58-4-1941-b86]^ Along this line, the secreted protein CYR61, a well-known direct target of YAP, which we found upregulated in reactive Müller cells, has recently been identified as a neuroprotective agent in organotypic retinal cultures of a mouse model of retinitis pigmentosa.^[@i1552-5783-58-4-1941-b87]^ It would thus be interesting to assess whether *Cyr61* is a direct target of YAP in the retina, and thus whether *Cyr61* upregulation in the *rd10* model is a direct consequence of YAP upregulation. The aim would then be to investigate in vivo whether such YAP-Cyr61 axis in Müller cells has neuroprotective capacities in a degenerating retina. Regarding the other well-known YAP target gene *Ctgf*, it has been detected in the retina and was shown to be expressed by Müller cells. It was reported to induce the angio-fibrotic switch in diabetic retinopathy and to be involved in remodeling of the extracellular matrix in glaucoma.^[@i1552-5783-58-4-1941-b88][@i1552-5783-58-4-1941-b89]--[@i1552-5783-58-4-1941-b90]^

Our RNA-Seq analysis revealed that many of the deregulated genes of the Hippo pathway in *rd10* retina are also related to other key signaling pathways, consistent with the idea that Hippo/YAP acts as a central node integrating a variety of signals. It is indeed well recognized that Hippo signaling establishes crosstalks with pathways such as Wnt, TGFβ, mTOR, or Notch.^[@i1552-5783-58-4-1941-b91][@i1552-5783-58-4-1941-b92][@i1552-5783-58-4-1941-b93][@i1552-5783-58-4-1941-b94]--[@i1552-5783-58-4-1941-b95]^ Among these pathways, some have been linked to retinal pathologies. For instance, uncontrolled Wnt signaling may cause familial exudative vitreoretinopathy, retinitis pigmentosa, and Norrie\'s disease.^[@i1552-5783-58-4-1941-b96]^ The mTOR pathway is affected during cone degeneration in retinitis pigmentosa and its inhibition results in the loss of red/green opsin.^[@i1552-5783-58-4-1941-b97]^ Therefore, it will be important to further explore the relationships in the retina between these pathways and Hippo signaling components identified in the present study.

Conclusions {#s5}
===========

As a whole, our work revealed differential expression of Hippo pathway components in a retinal degenerative model, which warrants further investigation to unveil its significance in terms of Müller cell reactivation and photoreceptor neuroprotection in diseased retina.
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